The effects of V and Nb on Vickers hardness (therefore strength) were analyzed in the temperature range from room temperature to 800 °C using arc 
I. INTRODUCTION
Increasing
EXPERIMENTAL DETAILS
The following starting materials were used: iodide titanium (99.9 % Ti), electron-beam melted vanadium (99.9 % V), bar niobium "NBSh-00" (0.05 % Ta, 0.02 % Fe, under 0.03 % N, under 0.03 % C, under 0.03 % O, 0.009 % Ti, and 0.009 % Si), Al (99.99 % Al), and powder boron previously purified by melting in an arc furnace (initial powder boron contained 5.27 % O, 0.055 % H, about 0.1 % Cu, under 0.01 % Fe, and under 0.01 % Si), all in mass %. Boron and aluminium were inserted as components of master-alloys Τϊ 9 χ 4 Β 86 , Ή75Β25 and T145AI55, which were pre-melted under the same conditions as the alloys from them. As shown by reducing extraction in a Ni bath followed by chromatographic identification, the alloys under study contained not more than 0.13 mass % 0 and less than 0.005 mass % Ν (threshold of sensitivity).
The master alloys and ingots for the investigation were produced by melting in an arc furnace with a tungsten nonconsumable electrode and copper watercooled hearth, using argon (pressure 50-80 kPa) purified by preliminary melting titanium getter for 5 min. The initial mixtures weighing mainly 10 or 15 g were fused together with a weak arc and then remelted 6 times with flipping each time. The cooling rate of the samples was about 100 °C/s. Since the mass losses on melting were not more then 0.2 % for all the alloys, their compositions were adopted as nominal. In the case of master alloys, their compositions were checked by wet chemical analysis.
Microstructural features were examined using optical and scanning electron microscopy (SEM) and electron probe microanalyses (ΕΡΜΑ) performed on a JEOL Superprobe 733 instrument supplemented with WLS equipment using a standard ZAF procedure. Since the errors in determining Β contents considerably exceed those for metals, only the contents of metals were measured (with errors of about 1 at.%) and taken into consideration. X-ray diffraction (XRD) was carried out with a DRON-3 diffractometer on cross-sections using a Cu Κα radiation.
Temperatures of alpha-to-beta transformation and melting points were determined by DTA using A1 2 0 3 and Ta crucibles and string W/W-20Re thermocouples designed by Kocherzhinsky et al. /25/ under high purity He with heating and cooling rates of 40 or 50 °C/min. Interaction of alloy melts with both the crucible materials was observed and so only heating curves were taken into consideration.
Microhardness was measured for alloy constituents at room temperature (RT) using the Vickers diamond pyramid, 0.49 Ν load and 30 s duration. Microhardness values for phases were calculated as averages of 10 to 30 measurements with screening-out of faults using the Grubbs criterion. The accuracy of the determination was within about ±10 %.
Vickers hardness HV from RT to 800 °C was determined in a vacuum of 10" 3 Pa at a load of 9.8 Ν with a sapphire pyramid. The durations of indentation were 1 min (named as hot hardness) or 1 h (long-term hardness). The hot hardness was used for estimation of strength characteristic following to the Hill's ratio between hardness and yield strength as σ 0 2 ~ HV/3 /26-29/. The hot hardness was usually measured once at a certain temperature in the course of temperature rising, except for 3 meterings at RT. The errors related to the reproducibility of the measurements were estimated by a special test (5 meterings were performed during isothermal expositions at 4 temperatures) to be about 5 %. The long-term hardness was used for estimation of creep behaviour at temperatures from 300 to 700 °C. Compression tests were performed at a strain rate of ~610" 4 s" 1 on as-cast samples of 6 mm gauge height and 4x4 mm gauge section at ambient temperature.
RESULTS AND DISCUSSION

Effect of V on the (Ti) + TiB and (Τΐ,ΑΙ) + TiB alloys
The compositions and some characteristics of the alloys under study are presented in Tables 1 and 2 . As shown by metallography, the alloys containing 5 at.% Β are hypoeutectic and the alloys containing 7.5 or 9 at.% Β are close to eutectic. In the latter alloys there are few primarily solidified boride grains. The bimodal boride particle size distribution is determined by the
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relationship between the melt composition and the twofold saturation line between the metal β and TiB liquidus surfaces in the ternary or quaternary phase diagrams (more data for the ternary Ti-V-B system are reported elsewhere /19/). The specific morphology of the (ßTi,V) + (Ti,V)B eutectic is practically unaffected by the V-alloying from 5 to 20 at.%, while the boron content and boride volume fraction increase from 7 at.% Β and 9 vol.% TiB (the Ti-B binary) to ~8 at.% and 11 vol.% (at -20 at.% V). Table 1 Structure and phase constituents, DTA data and "strength break-down" temperatures for as-cast Ti-V-B alloys. 'Designation: α and β are phases based on hep aTi and bcc ßTi; β* is the ß-phase transformed to α (completely or partially); e is the two-phase eutectic ß* + (TiB) or β + (TiB).
According to the XRD data, at 0 to 5 at.% V content the alloys contain the hep α-phase (Table 1) , which is formed as a result of the β-*α transition in the course of cooling after solidification. In the alloys with 10-15 at.% V the retained ß-phase was identified along with the (Ti,V)B boride and α-phase, as well as a small amount of martensite a"-phase (the alloy Ti 7 3.iAl 8 .5V 10 .9B7.5). The 20 at.% V-alloying causes practically completed ß-stabilization.
As evidenced by ΕΡΜΑ data, there are distinguishable partitions of Al and V between metal and boride phases. Aluminium is soluble only in metal matrix whereas vanadium solubilities in the both phases are comparable; the solubility in the metal matrix is somewhat higher than that in the boride phase (see also /19, 30/). 'Designation: α is the phase based on hep aTi; e is the two-phase eutectic ß* + (TiB) or β + (TiB) where β* is the β-phase based on bcc ßTi transformed to α (completely or partially); a" is a martensite phase of aU crystal structure type (oC4, Cmcm).
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Measurements of microhardness and hot hardness reveal that up to 400 °C these properties are strongly affected by V-alloying in the range of two-phase α + β matrix (more precisely, the range of a multiphase matrix as it includes usually martensite and ω phases) (Figs. 1 and 2a). The hardness of β matrix alloys is significantly lower in low temperature range, whilst at -600 °C all the ternary Ti-V-B alloys become practically identical. These regularities were also observed for hypoeutectic alloys, where the hardness level was somewhat lower (by 1 GPa).
Thermo-activation analysis of the hot hardness curves reveals three linear intervals of In (HV) vs. -1/T dependences (Fig. 2b) . The high-temperature linear interval deserves a special attention. At these temperatures the apparent activation energies of material flow during Vickers pyramid submerging in alloys were found to be in the interval from -100 to -210 kJ/mole, which includes the activation energy of self-diffusion in titanium /31-34/. Thus, in this temperature range the deformation processes are controlled by diffusion, and the onset of sharp softening is a result of the transition from non-diffusion mechanism to the diffusion one. The onset temperature of sharp softening of Ti alloys was termed "strength break-down" temperature in /31/. With V-alloying the "strength break-down" temperature decreases from -500 °C (for the Ti-B binary alloys) to the minimum of ~440 °C (for the eutectic alloys based on the multiphase matrix) and then increases (for the β matrix alloys) (Figs. 2b and 3) . With further increase of the V content up to 40 at.%, some growth of hardness is observed at both low and high temperatures, which is attributed to solid solution hardening and the "strength break-down" temperature rising. Thus, hardness of the T151V40B9 alloy at 600 °C is 7 times higher than that of the β alloy Ti 71 V2oB 9 (as well as ~4 times higher than that of the alloys with multiphase matrix).
The compression tests at ambient temperature also showed the maximal values of yield strength and minimal plasticity for the alloys with multiphase matrix (Fig. 4) . The eutectic alloy based on β matrix is quite plastic. It is worth noting here that the estimation σ = HV/3 is an efficient enough test in the case (Table 3 ).
The alloying of the ternary alloy containing multiphase and β matrices with 8.5 at.% Al leads to rise of the onset temperature of sharp softening by -100 °C and to some increase in hardness up to 600 °C (Fig. 5) . The strengthening of the Al-alloyed quaternary alloys may be attributed to the solid solution hardening of the alloy matrix, because in the case any significant changes in microstructure are not observed (Fig. 6 ).
The obtained regularities may be clearly illustrated by hardness isotherms vs. vanadium content (Fig. 7) . It is seen that a significant increase in hardness for the alloys with a multiphase matrix is observed at low temperatures. At 500 °C the hardness of eutectic alloys containing a multiphase matrix is slightly higher, but at 700 °C the values of hardness for all the ternary Vcontaining alloys hardly differ, with the exception of the alloy containing 40 at.% V. The hardness of the latter is highest at elevated temperatures. The hardness of quaternary alloys Ti-Al-V-B (Fig.  7) is higher than that of ternary in the whole temperature interval under study and at all vanadium contents, but maximum at vanadium content of approximately 15 at.% is rather shallow and it is absent at 700 °C. 
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Effect of Nb on the (Ti) + TiB and (Τί,ΑΙ) + TiB alloys
The data on the as-cast alloys Ti-Nb-B and Ti-AlNb-B under study are presented in Table 4 . The constitution of the alloys with Nb is quite similar to that for the V-containing ones. The ternary alloys up to 30 at.% Nb are practically eutectic at 7.5 at.% B. No considerable changes were observed in the microstructure of alloys as compared to the binary alloy Ti 92 .5B 7 . 5 close to eutectic. The metal matrix was found (Fig. 8) . The microhardness correlates with the hot hardness change at the temperatures up to 500 °C (Figs. 9 and 10) . The maximal Vickers hardness of ~ 3 GPa at RT is determined at the same 10.7 at.% Nb content and it is somewhat lower at 17.4 at.% Nb (Fig.  9) . So the hardness of the alloys with a multiphase matrix is maximal up to 400 °C as it is in the alloys containing vanadium. The significant decrease in hardness in the low temperature region is identified for the alloys with β matrix at 24.5 and 30 at.% Nb content (Fig. 10) ; above 600 °C the values of hardness for the eutectic alloys with multiphase and β matrices are closely approximated, and at 700 °C the hardness of the ^2.5^3087.5 alloy is slightly higher (Fig. 7) . designation: a and β are phases based on hep aTi and bcc ßTi; β is the ß-phase transformed to α (completely or partially); e is the two-phase eutectic ß* + (TiB) or β + (TiB); a" is a martensite phase of aU crystal structure type (oC4, Cmcm)\ ω is a phase of coCrTi crystal structure type (ΛΡ3, P6lmm or Ρ3 ml). 2 Small quantity of the phase. The "strength break-down" temperature for the alloys Ti-Nb-B is practically the same as that for the Ti-V-B ones, exhibiting a minimum as well (Fig. 3) .
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In the quaternary alloys Ti-Al-Nb-B the values of hardness are slightly higher up to 700 °C, and the "strength break-down" temperature is higher by 100 °C for alloys containing a multiphase matrix or β matrix, compared with the ternary Ti-Nb-B alloys (Figs. 3, 9 and 10). Figure 7 summarizes the V and Nb alloying effect on Vickers hardness of the ternary Ti-V(Nb)-B and quaternary Ti-Al-V(Nb)-B eutectic alloys (10 at.% Al and 7.5 at.% B) at selected temperatures. As seen, the hardness isotherms are of complicated function at temperatures up to -500 °C. The alloying with ß-stabilizing elements V and Nb results in the maximum of hardness in the range of multiphase matrix. At higher, about 20-25 at.% V or Nb contents corresponding to the practically completed stabilization of ß-phase, there are minima in the hardness dependences. Above 500 °C the hardness degrades, except the ternary alloy containing much V, 45 at.%, hardness of which is high, 1 GPa at 700 °C. Taking into account that the volume content of reinforcing boride phase, its dispersivity and properties are weakly affected by the alloying metals under study, the strengthening of the ternary and quaternary eutectic alloys by the alloying should be mainly attributed to the solidsolution strengthening of their matrices. It is worth noting that the humps in the concentration dependences for microhardness and hardness (Figs. 1, 7 and 8) are wider than the range of multiphase matrix from XRD data, which may be ascribed to lower sensitivity XRD method.
Discussion
As seen in Fig. 3 , the onset temperatures of sharp softening are affected by V and Nb additions practically in the same manner owing to the data spread. At approximately 15-20 at.% V or Nb there are minima in both the ternary and quaternary systems.
The authors of /31/ have reported on a clear correlation between the "strength break-down" and alpha-to-beta transition temperatures for commercial Ti alloys. As seen in Tables 1, 2 and 4, the data of the current work are consistent with the finding of /31/. The real reason behind this correlation seems to be the fact that the V and Nb alloying additions to 15-20 at.% simultaneously decrease both the "strength break-down" and alpha-to-beta transition temperatures, while Al simultaneously increases them.
The long-term (one-hour) hardness (Table 5 ) of the ternary alloys Ti-V-B is higher than that for the ternary α-alloys Ti-Al-B at 400 °C, especially for the "α + β" alloy containing ~11 at.% V. However, at -500 °C and higher the Ti-V-B alloys are rapidly softened and their long-term hardness becomes lower than that for Ti-Al-B. For the quaternary alloys containing V or Nb and 8.5 at.% Al (corresponding to 10 at.% or ~ 6 mass % Al in matrix), at 400 °C their hardness is similar to that of Ti-V-B and at 500 °C and higher it is on the level of Ti-Al-B. Thus one can see a good efficacy of combined alloying with Al and V or Nb.
CONCLUSIONS
Based on the results of the current investigation on the constitution and properties of the as-cast alloys, Ti-V-B (mainly 5 and 9 at.% B), Ti-Nb-B (5 and 7.5 at.% B) and quaternary Ti-Al-V(Nb)-B (9 at.% Al and 5 at.% B, 8.5 at.% Al and 7.5 at.% B), the key observations are as follows:
1. The structure of titanium-boride eutectic is not affected by alloying with V and Nb, while the metal matrix of the alloys changes from α to β through a multiphase state (from ~5 to -20 at.% V or Nb). 2. Alloying with V and Nb up to -15 at.% increases hardness of the alloys to the maximal levels at temperatures below incipient sharp softening, the onset temperatures of sharp softening decreasing by ~50 °C down to minimal values at approximately 15-20 at.% V or Nb (up to -440 and -550 °C for the ternary and quaternary alloys, respectively).
